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Southern cowpea mosaic virus (SCPMV) is a positive-sense RNA virus with T 5 3 icosahedral symmetry. The coat protein
(CP) has two domains, the random (R) domain and the shell (S) domain. The R domain is formed by the N-terminal 64 amino
acids (aa) and is localized to the interior of the particle where it is expected to interact with the viral RNA. The R domain (aa
1–57) was expressed in Escherichia coli as a recombinant protein (rWTR) containing a nonviral C-terminal extension with two
histidine tags. The RNA binding site of the R domain was identified by Northwestern blotting and electrophoretic mobility shift
assay (EMSA) using recombinant wild-type and mutant R domain proteins. Deletions within the R domain revealed that the
RNA binding site is localized to its N-terminal 30 aa. RNA binding by this element was found to be nonspecific with regard
to RNA sequence and was sensitive to high salt concentrations, suggesting that electrostatic interactions are important for
RNA binding by the R domain. The RNA binding site includes 11 basic residues, eight of which are located in the arginine-rich
region between aa 22 and 30. It was demonstrated using alanine substitution mutants that the basic residues of the
arginine-rich region but not those present at positions 3, 4, and 7 are necessary for RNA binding. None of the basic residues
within the arginine-rich region are specifically required for RNA binding, but the overall charge of the N-terminal 30 aa is
important. Proline substitution mutations within the N-terminal 30 aa, and alanine substitutions for prolines at positions 18,
20, and 21, did not affect the RNA binding activity of the R domain. However, it was demonstrated by circular dichroism (CD)
that the conformation of the N-terminal 30 aa of the R domain changes from a random coil to an a-helix in the presence of
50% trifluoroethanol (TFE). The possible role for this structural change in RNA binding by the R domain is discussed. © 2001
Academic Press
d
wINTRODUCTION
Southern cowpea mosaic virus (SCPMV; previously
named the cowpea strain of southern bean mosaic virus)
is a member of the Sobemovirus genus of positive-sense
RNA viruses and has been extensively studied as a
model for the structure and assembly of small, spherical
RNA viruses (Hull, 1988). The 28-nm spherical particle
has T 5 3 icosahedral symmetry and is composed of 180
ubunits of the 28,200 Mr coat protein (CP) and a single
copy of the 4.2-kb genome. The CP subunits are chem-
ically identical but structurally nonequivalent. Three
types of CP subunits termed A, B, and C are related by
quasi threefold axes of symmetry and are involved in
different intersubunit contacts (Abad-Zapatero et al.,
1980). X-ray diffraction studies of the virus structure re-
vealed that the CP has two distinct domains, the N-
terminal R domain (aa 1–64), localized to the interior of
the particle and the S domain (aa 65–260), which forms
the surface of the particle (Abad-Zapatero et al., 1980;
Silva and Rossmann, 1987). The S domain folds into an
eight-strand antiparallel b-barrel, but the R domain is
1 To whom correspondence and reprint requests should be ad-
ressed. Fax: 865-974-4007. E-mail: dhacker@utk.edu.
317isordered in the crystal structure except for C subunits
here residues 40–64 fold into a b-sheet (Abad-Zapatero
et al., 1980; Silva and Rossmann, 1987). Residues 40–53
from three C subunits hydrogen bond to form a structure
termed the b-annulus at the quasi sixfold axes of sym-
metry (Abad-Zapatero et al., 1980, Silva and Rossmann,
1987).
The random (R) domain is rich in basic amino acids
and has been proposed to interact with the viral RNA on
the interior of the SCPMV particle (Abad-Zapatero et al.,
1980; Kru¨se et al., 1982). Of the N-terminal 30 residues of
the CP 11 are basic, and eight of these are clustered
between residues 22 and 30 to form an arginine-rich
region with the sequence RRKRRAKRR (Hermodson et
al., 1982; Wu et al., 1987). In vitro reassembly experi-
ments have demonstrated that the R domain is neces-
sary for the assembly of T 5 3 particles. Trypsinization of
the CP results in the elimination of the R domain by
cleavage at Arg61 (Erickson and Rossmann, 1982). In the
absence of RNA the resulting protein fragment of 22,000
Mr (shell (S) domain) forms RNA-free T 5 1 particles
(Erickson and Rossmann, 1982).
The CPs of other spherical RNA viruses such as to-
mato bushy stunt virus (TBSV), brome mosaic virus
(BMV), turnip crinkle virus (TCV), cucumber mosaic virus
0042-6822/01 $35.00
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318 LEE AND HACKER(CMV), and flock house virus (FHV) are also character-
ized by an internally localized, highly basic N-terminus
(Harrison et al., 1978; Ahlquist et al., 1981; Hogle et al.,
986; Fisher and Johnson, 1993; Wikoff et al., 1997). The
-terminal 21 amino acids of the BMV CP include seven
asic residues (Ahlquist et al., 1981). Deletion of the
-terminal 14 residues of the BMV CP prevents viral
ssembly in vivo (Sacher and Ahlquist, 1989; Rao and
rantham, 1996). Interestingly, single alanine substitu-
ions for the arginine residues at positions 10, 13, or 14
revents the encapsidation of BMV RNA 4 but not RNAs
, 2, and 3 in vivo (Choi and Rao, 2000). Chemical
rosslinking studies have also demonstrated that a pep-
ide containing residues 11–19 of the BMV CP binds RNA
n vitro (Sgro et al., 1986). Similarly, the N-terminus of the
HV CP contains 12 arginines between residues 32 and
9 (Fisher and Johnson, 1993). Deletion of the N-terminal
0 residues of the FHV CP prevents the assembly of T 5
particles in vivo, while deletion of the first 31 residues
f the FHV CP results in a polymorphic population of
articles that include some T 5 3 particles (Dong et al.,
998). These results demonstrate the essential role of
he highly basic N-termini of the BMV and FHV CPs in
irus assembly.
Assembly models for T 5 3 icosahedral RNA viruses
ropose that the process is initiated by a specific inter-
ction between one or more subunits of the CP and the
iral RNA (Rossmann et al., 1983; Sorger et al., 1986). The
ucleocapsid is then formed by the addition of CP sub-
nits to the initiation complex to allow the condensation
f the viral RNA within the growing capsid. As the sub-
nits are added, they must fold into the A, B, or C
onformation depending upon their position in the cap-
id. The mechanism of conformational adaptation by the
P subunit has not been resolved, but it has been pro-
osed for FHV that the flexible N-terminus of the FHV CP
nd duplex regions of the viral RNA function as molec-
lar switches to regulate the conformation of the sub-
nits (Fisher and Johnson, 1993). The N-terminal 54 res-
dues of the A and B conformations of the FHV CP are
isordered, but residues 20–30 of C subunits are ordered
nd occupy a cleft on the interior surface of the capsid
hat is formed at the interface between C and B2 subunits
at the twofold axis of symmetry (Fisher and Johnson,
1993). The cleft is also occupied by about 10 bp of duplex
RNA (Fisher and Johnson, 1993). The presence of the
ordered N-terminal region and the duplex RNA in the
cleft produces a flat intersubunit contact between the C
and B2 subunits. In contrast, duplex RNA and the N-
erminus of the CP are not present at the interior surface
ormed by the C and B5 subunits at the quasi twofold
axis. As a result the intersubunit contact at this site is
bent (Fisher and Johnson, 1993). These observations
together with the assembly studies with FHV CP mutants
described above suggest that the N-terminus of the FHV
CP is important for the formation of T 5 3 particles.The ordered N-terminal region of the R domain of the
C subunit in the SCPMV particle is also localized to a
cleft formed by the interaction of the C and B2 subunits at
the twofold axis of symmetry (Abad-Zapatero et al., 1980;
Silva and Rossmann, 1987). Therefore, the R domain of
the SCPMV CP may function as a molecular switch in
assembly. To begin to understand the role of the R
domain in SCPMV assembly, the RNA binding activity of
rWTR and mutant R domain proteins was investigated in
vitro. It was demonstrated that the N-terminal 30 amino
acids of the R domain function in RNA binding and that
the arginine-rich region between amino acids 22 and 30
plays a critical role in this activity. The binding of the R
domain to RNA was shown to depend largely on non-
specific electrostatic interactions. In addition, circular
dichroism (CD) studies with a peptide corresponding to
aa 1–30 of the SCPMV CP demonstrated that this region
can form an a-helix in solution. However, substitution
mutations designed to alter the secondary structure in
this region did not affect RNA binding of the R domain.
RESULTS
In vitro RNA-binding activity of the R domain
The in vitro RNA binding activity of the R domain was
investigated by both Northwestern blot and electro-
phoretic mobility shift assay (EMSA) using a riboprobe
corresponding to SCPMV nucleotides 1390–1473. This
region of the SCPMV genome has been identified as a
high-affinity CP binding site (CPBS) (Hacker, 1995). The R
domain (amino acids 1–57) with a nonviral C-terminal
extension containing two histidine tags (His-tag domain)
was overexpressed in Escherichia coli (Fig. 1). This re-
combinant protein (rWTR) with a calculated molecular
weight of 14.4 kDa was purified from E. coli by affinity
chromatography using a nickel-chelating column.
A Northwestern blot was used to demonstrate that
rWTR and the SCPMV CP bind the CPBS RNA, whereas
the His-tag domain does not (Fig. 2A). To confirm that
equivalent amounts of protein were loaded in each lane,
a separate gel was stained with Coomassie blue (Fig.
2B). It was also shown by EMSA that rWTR but not the
His-tag domain alone binds the CPBS RNA (Fig. 2C). To
determine whether the RNA binding activity of rWTR was
dependent upon electrostatic interactions, the effect of
salt concentration on RNA binding was analyzed by
EMSA. As the concentration of NaCl was increased from
0.1 to 1.5 M, the level of RNA binding by rWTR decreased
(Fig. 3). These results indicate that electrostatic interac-
tions play a significant role in the binding of rWTR to
RNA.
The specificity of the interaction between RNA and
rWTR was investigated by EMSA using three different
transcript RNAs including the CPBS RNA, an RNA corre-
sponding to the 59 end of the SCPMV genome (SCPMV
nts 1–101), and a nonviral RNA of 52 nts transcribed from
a
b
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319RNA BINDING SITE OF THE R DOMAIN OF THE SCPMV COAT PROTEINthe pBluescript II (KS1) polycloning region. rWTR bound
each RNA with about the same affinity (Fig. 4). These
results suggest that the RNA binding activity of rWTR is
nonspecific with regard to RNA sequence.
Deletion mapping of the RNA binding site of the R
domain
To identify the RNA binding site of the R domain, the
RNA binding of four deletion mutants rD1–16, rD17–30,
rD31–39, and rD40–53 (Fig. 1B) was investigated by
Northwestern blot and EMSA using the CPBS RNA as a
probe. It was demonstrated by Northwestern blot that the
mutants rD1–16, rD31–39, and rD40–53 retained RNA
binding activity, but no RNA binding was observed for
rD17–30, a mutant that lacked the arginine-rich region of
the R domain (Fig. 2A). By EMSA it was demonstrated
FIG. 1. (A) Amino acid sequence of residues 1–57 of the N-terminus o
re underlined. (B) Schematic diagram of the R domain deletion mutan
oxes, respectively. The dotted lines indicate the positions of deletions.
iagram of the R domain substitution mutants. Substituted amino acids
is-tag domain are represented by white and gray boxes, respectivelythat deletion of amino acids 1–16, 17–30, or 31–39 re-
sulted in mutant proteins with reduced affinity for RNA ascompared to rWTR (Fig. 5). The deletion of amino acids
40–53, however, did not affect the RNA binding of the R
domain (Fig. 5). These results demonstrated that the
major RNA binding determinant of the R domain is lo-
cated between amino acids 17 and 30. In addition, the
N-terminal 16 residues and to a lesser extent residues
30–39 also contribute to the RNA binding activity of the R
domain.
The requirement for basic amino acids of the R
domain for RNA binding
Eleven basic residues are located within the N-termi-
nal 30 amino acids of the R domain. To determine
whether these charged residues are required for RNA
binding, two recombinant R domain mutants (rA1 and
r3A) were analyzed by EMSA. rA1 has alanine substitu-
CPMV CP. The positions of the arginine-rich region and the b-annulus
R domain and the His-tag domain are represented by white and gray
mes of the recombinant proteins are indicated at the left. (C) Schematic
bold and are underlined. Amino acids 31–57 of the R domain and thef the S
ts. The
The nations for all eight basic residues in the arginine-rich
region, and r3A has alanine substitutions for the three
r
w
320 LEE AND HACKERbasic residues at positions 3, 6, and 7 of the R domain
(Fig. 1C). A low level of RNA binding activity was ob-
served for rA1, but r3A bound RNA with slightly higher
affinity than rWTR (Fig. 6). These results demonstrated
that basic residues in the arginine-rich region but not
those at residues 3, 6, and 7 are necessary for RNA
binding by the R domain.
Minimal charge requirements for RNA binding by the
arginine-rich region of the R domain
For other RNA binding proteins with an arginine-rich
region such as the tat and rev proteins of HIV-1, RNA
binding has been shown to require one or more specific
arginine residues (Calnan et al., 1991, Battiste et al.,
1996). To determine whether the same is true for the R
FIG. 2. (A) Northwestern blot analysis of RNA binding by rWTR and
D1–16 (lane 4), rD17–30 (lane 5), rD31–39 (lane 6), and rD40–53 (lane 7
as incubated with 106 cpm of 32P-labeled CPBS RNA as described un
SCPMV CP (lane 2) were used as negative and positive controls, respe
(C) EMSA of rWTR. 32P-labeled CPBS RNA (104 cpm) was incubated with
Following incubation the samples were electrophoresed on a nondenatu
CPBS RNA.domain of the SCPMV CP, recombinant R domain pro-
teins with alanine substitutions for two or three consec-utive basic residues within the arginine-rich region were
analyzed by EMSA. The mutant proteins rA2, rA3, and rA4
have alanine substitutions at residues 22–24, 25–26, and
28–30, respectively (Fig. 1C). All three proteins had ap-
proximately the same affinity for RNA as the rWTR (Fig.
7A). These results demonstrated that the basic residues
within the arginine-rich region of the R domain are not
specifically required for the interaction with RNA.
To determine whether RNA binding by the arginine-
rich region requires a minimum number of basic resi-
dues, the RNA binding activity of two additional alanine
substitution mutants was analyzed. The mutant proteins
rA5 and rA6 have five and seven alanine substitutions for
basic residues in the arginine-rich region, respectively
(Fig. 1C). It was demonstrated that rA5 had approxi-
ain deletion mutants. Identical amounts (450 pmol) of rWTR (lane 3),
transferred to nitrocellulose following SDS–PAGE, and the membrane
terials and Methods. Purified His-tag domain protein (lane 1) and the
(B) Coomassie blue stained gel of the same protein samples as in (A).
g concentrations (0–43 mM) of rWTR (left) or the His-tag domain (right).
5% polyacrylamide gel. The arrow indicates the position of the unboundR dom
) were
der Ma
ctively.
varyin
ring 4.mately the same affinity for RNA as rWTR but the RNA-
binding affinity of rA6 was reduced about twofold com-
S
s
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321RNA BINDING SITE OF THE R DOMAIN OF THE SCPMV COAT PROTEINpared to rWTR (Fig. 7B). The effects of alanine substitu-
tions in the arginine-rich region were more pronounced,
however, when combined with alanine substitutions for
basic residues near the N-terminus of the R domain. The
mutant proteins r3A/A5 and r3A/A6 have alanine substi-
tutions for the three basic amino acids at residues 3, 6,
and 7, in addition to the alanine substitutions in the
arginine-rich region as described for rA5 and rA6 (Fig.
1C). These mutants had little affinity for RNA (Fig. 7B).
FIG. 3. Effect of salt concentration on RNA binding by rWTR. Reac-
tions containing 32P-labeled CPBS RNA (104 cpm) and varying concen-
rations of rWTR (0–43 mM) and NaCl (0.1–1.5 M) were electrophoresed
on a nondenaturing 4.5% polyacrylamide gel. The percentage of un-
bound RNA was determined using an InstantImager. The results shown
are the average of three independent experiments.These results demonstrated that three basic amino acids
within the arginine-rich region are sufficient for wild-type
cript (pBS) were incubated in the presence of varying concentrations
0–43 mM) of rWTR and analyzed as described in Fig. 3.levels of RNA binding when additional basic residues are
present within the N-terminus of the R domain. These
results also suggest that a minimal number of basic
residues is required for RNA binding by the R domain.
Wild-type levels of RNA binding were observed when six
but not four basic residues were present within the
N-terminal 30 aa of the R domain.
The effect of prolines on RNA binding by the R
domain
Residues 6–14 of the R domain were predicted by the
AGADIR program to fold into an a-helix (Mun˜oz and
Serrano, 1997). To determine whether the N-terminus of
FIG. 5. Deletion mapping of the RNA binding site of rWTR. rWTR,
rD1–16, rD17–30, rD31–39, and rD40–53 were incubated separately
with 32P-labeled CPBS RNA (104 cpm) and analyzed as in Fig. 3.the SCPMV CP folds into an a-helix in solution, a peptide
corresponding to aa 1–30 of the CP (CP peptide1–30) wasFIG. 4. Specificity of RNA binding by rWTR. 32P-labeled RNAs (104
cpm) including the CPBS RNA, the 59 end of the SCPMV RNA (59
CPMV), and an RNA transcribed from the polycloning region of pBlue- FIG. 6. Requirement for basic amino acids for RNA binding by rWTR.
32rWTR, rA1, and r3A were incubated separately with P-labeled CPBS
RNA (104 cpm) and analyzed as in Fig. 3.
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322 LEE AND HACKERchemically synthesized and its helicity was measured by
CD in the presence or absence of 50% TFE. The peptide
was found to be a random coil in the absence of TFE, but
about 42% helicity was observed for the peptide in the
presence of TFE (Fig. 8). This result shows that the
N-terminus of the SCPMV CP may fold into an a-helix
pon RNA binding.
To determine whether protein secondary structure
ontributes to the RNA binding activity of the R domain,
hree R domain mutant proteins with proline substitu-
ions for Arg3 (rP1), Lys7 (rP2), or Ala27 (rP3) (Fig. 1C)
ere analyzed by EMSA. In addition, the RNA binding
ctivity of a fourth mutant (rP4) having alanines substi-
uted for the proline residues at positions 18, 19, and 21
Fig. 1C) was also investigated. Surprisingly, all of the
FIG. 7. (A) Specificity of basic amino acids of the arginine-rich region
of rWTR for RNA binding. rWTR, rA2, rA3, and rA4 were incubated
separately with 32P-labeled CPBS RNA (104 cpm). (B) Minimal require-
ent for basic amino acids in the arginine-rich region of rWTR. rWTR,
A5, rA6, r3A/A5, and r3A/A6 were incubated separately with 32P-
abeled CPBS RNA (104 cpm). Gel electrophoresis was performed as
described in Fig. 3.utants bound RNA with about the same affinity as rWTR
Fig. 9). The results can be interpreted in one of two Rays. Either the mutations did not alter the structure of
he RNA binding site or the secondary structure of the
-terminal of the CP is not important for RNA binding.
DISCUSSION
It has been proposed that the R domain of the SCPMV
P interacts with RNA on the interior of the virus particle
nd that this interaction is necessary for assembly of T 5
particles (Abad-Zapatero et al., 1980; Erickson and
Rossmann, 1982). In this report, it was demonstrated that
the N-terminal 30 amino acids of the R domain constitute
FIG. 8. Circular dichroism of CP peptide1–30. CD spectra are shown in
he absence and presence of 50% TFE.FIG. 9. Effects of proline mutations on RNA binding by rWTR. rWTR,
32rP1, rP2, rP3, and rP4 were incubated separately with P-labeled CPBS
NA (104 cpm) and analyzed as in Fig. 3.
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323RNA BINDING SITE OF THE R DOMAIN OF THE SCPMV COAT PROTEINnine-rich region between residues 22 and 30. We pro-
pose that this element functions in RNA binding predom-
inantly through electrostatic interactions because the
binding was nonspecific with regard to RNA sequence,
the presence of high salt interfered with RNA binding,
and no basic residues within the arginine-rich region
were specifically required for RNA binding. A second
element of the RNA binding site is present within the 16
N-terminal amino acids of the R domain. It is not known
how this element functions in RNA binding, but it is clear
that the three basic amino acids at positions 3, 6, and 7
are not necessary for this activity. As discussed in more
detail below, one possible function of this element is to
stabilize the RNA–protein interaction by folding into an
a-helix upon RNA binding. It is also proposed that the 30
N-terminal amino acids of the R domains of A, B, and C
subunits participate in RNA binding in the intact particle.
Although only nonspecific RNA binding by the R domain
was observed in this study, it remains a possibility that
the R domain is also involved in specific interactions with
the viral RNA. Models for the assembly of T 5 3 spherical
viruses propose that one or more CP subunits bind
specifically to the viral RNA at the origin of assembly
(OAS) (Rossmann et al., 1983; Sorger et al., 1986). This
specific interaction, if it occurs for SCPMV, may require a
multimeric form of the CP, and the OAS may only be
recognized by a specific conformation of the S and R
domains. Thus, the R domain alone may not be sufficient
for this specific interaction with the viral RNA. The CPBS
RNA used here was previously identified as a high-
affinity binding site for the SCPMV CP in a CP-RNA
complex recovered from dissociated virus (Hacker,
1995), but the CPBS has not been demonstrated to be the
SCPMV OAS.
Although the arginine-rich region plays an essential
role in RNA binding by the R domain, none of the basic
amino acids in this element are specifically required to
perform this function. Arginine-rich regions are present
in other RNA binding proteins including the tat and rev
proteins of human immunodeficiency virus 1 (HIV-1), the
N protein of bacteriophage l, ribosomal protein L11, and
the bovine immunodeficiency virus (BIV) Tat protein
(Draper, 1999). Except for the tat protein of HIV-1, the
structures of these proteins bound to RNA have been
resolved (Battiste et al., 1996; Legault et al., 1998; Puglisi
t al., 1995; Ye et al., 1995; Conn et al., 1999). In all these
xamples, specific arginine residues contact specific
ases of the RNA. The structures of the RNA binding
omains of these proteins are distinct, and these pro-
eins contact RNA in different ways. The SCPMV CP,
herefore, provides another example of how an arginine-
ich region can be utilized for RNA binding. In this case,
he RNA binding site is located within a disordered
egion of the protein and functions in nonspecific RNA
inding. Recently, it was shown that specific arginineesidues within the arginine-rich region of the R domain
f the BMV CP are necessary for the specific encapsi-
ation of BMV RNA4 (Choi et al., 2000; Choi and Rao,
000). Thus, arginine-rich regions in disordered domains
f proteins may also interact with RNA specifically.
Similar to the SCPMV CP, the N-terminus of the
owpea chlorotic mottle bromovirus (CCMV) CP is
ighly basic (NH2-STVGTGKLTRAQRRAAARKNKRNTR-
OOH) and is localized to the interior of the virus
article (Dasgupta and Kaesberg, 1982; Speir et al.,
995). The N-terminal 25 residues are predicted to
orm a random coil when the lysine and arginine side
hains are charged, but when these side chains are
eutralized, residues 10–20 are predicted to form an
a-helix (Vriend et al., 1986). Based on these predic-
tions, a “snatch-pull” model of RNA binding by the
N-terminus of the CCMV CP was proposed (Vriend et
al., 1986). It was predicted that an interaction between
the phosphate backbone of RNA and a basic residue
of the N-terminus initiated the formation of the a-helix
etween residues 10 and 20 and that the neutralization
f one basic side chain favored additional ionic inter-
ctions between basic side chains and the RNA so
hat the a-helix is extended in a C-terminal direction
(Vriend et al., 1986). This model was examined by
studies of the conformation of a synthetic peptide
corresponding to the N-terminal 25 residues of the
CCMV CP using nuclear magnetic resonance
(NMR) and CD. It was demonstrated that residues
10–20 form an a-helix in the presence of oligophos-
hates (van der Graaf and Hemminga, 1991; van der
raaf et al., 1992). Interestingly, the CD results showed
that amino acids within the N-terminus of the SCPMV
CP fold into an a-helix in the presence of 50% TFE.
hese findings suggest that the conformation of the
-terminal 30 aa of the SCPMV CP may change from a
andom coil to an a-helix upon binding to RNA. It is
ossible that the a-helix stabilizes the interaction be-
ween the RNA and the arginine-rich region. The low
ffinity of rD1–16 for RNA can be explained by this
odel. In contrast, the results of the RNA binding
tudies with rP1, rP2, rP3, and rP4 seemingly do not
upport the model. It is not known, however, if these
utations affect the secondary structure of the RNA
inding site. It is possible that all or part of the pre-
icted a-helix between aa 6 and 14 may form despite
these mutations. To better understand RNA binding by
the R domain, the conformation of its RNA binding site
will need to be determined in the presence and ab-
sence of RNA using a biophysical approach.
MATERIALS AND METHODS
Construction of R domain expression plasmidsThe region of the SCPMV genome encoding residues
1–57 of the CP was amplified by polymerase chain reaction
p
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324 LEE AND HACKER(PCR) using oligonucleotides SBMV53 and SBMV70 (Table
1) as primers and the SCPMV cDNA clone pSBMV2 as a
template (Sivakumaran and Hacker, 1998). The PCR prod-
uct was digested with NdeI and cloned into the NdeI site of
ET30b (Novagen) to produce pWTR. pD1–16 was gener-
ted by PCR amplification using oligonucleotides SBMV77
nd SBMV70 (Table 1) as primers and pSBMV2 as a tem-
late. The PCR product was digested with NdeI and cloned
nto the NdeI site of pET30b. pD17–30, pD31–39, and
pD40–53 were constructed by site-directed mutagenesis of
WTR using oligonucleotides SBMV78, SBMV79, and
BMV80 (Table 1), respectively, and single-strand pWTR
NA as a template (Kunkel, 1985). pA1, pA2, pA3, pA4, pA5,
A6, pP3, and pP4 were constructed by overlapping PCR
utagenesis using pWTR as a template (Horton et al.,
990). For example, for pA1 two overlapping PCR products
ere generated using the oligonucleotide pairs SBMV104/
07 and SBMV105/106 as primers (Table 1). The two PCR
T
Description o
Designation Sequence (59 3 39)a
SBMV8 GTCCGCCCAGGCTTTCCC
SBMV28 ACCTAATACGACTCACTATAGGCTCACACAGCT
SBMV53 GATAAGAGCATTTcatATGGCTACCCG
SBMV70 CGTAGCATatGAGGCCTAAGCTTC
SBMV77 cGcATAtgCTTCCAAATCCGC
SBMV78 GCACCTGCGCAGCAGTATTCTGAATAGC
SBMV79 CATGGATACCCCAGCACGCCGCTTCGCG
SBMV80 GAGGCCTAAGCTTTTGGGTAGGCTTG
SBMV88 GCCTgcGgcGgcGCGACGCGCGAAGCGG
SBMV89 GCGTCGCgcCgcCgcAGGCGGATTTGGAAG
SBMV94 CGGAAGgcAgcCGCGAAGCGGCGTGC
SBMV95 CTTCGCGgcTgcCTTCCGCCGAGGCGG
SBMV100 CGCGgcGgcGgcTGCTGCGCAGGTGCCC
SBMV101 GCAGCAgcCgcCgcCGCGCGTCGCTTCCG
SBMV104 GAGATATACATATGGCTACCCGC
SBMV105 GATGGTGCATATGAGGCCTAAGC
SBMV106 gcGgcGgcGgcAgcCGCGgcGgcGgcTGCTGCGC
SBMV107 CGCAGCAgcCgcCgcCGCGgcTgcCgcCgcCgcAG
SBMV108 GAAGCGACGCcCGAAGCGGCGTGCTG
SBMV109 CGCCGCTTCGgGCGTCGTCGCTTCCGCC
SBMV114 cCgcCGCGgcTgcCTTCCGCCGAGGCGGATTTG
SBMV119 gcGgcGAAGgcAgcCGCGgcGgcG
SBMV120 cCGCGgcTgcCTTCgcCgcAGGCGGATTTG
SBMV123 CGGCGGAAGgcAgcCGCGgcGgcGgcTGCTGCG
SBMV128 TATACATATGGCTACCgcCTTGACCgcGgcGCA
SBMV130 TATACATATGGCTACCCcCTTGACCAAGAAGC
SBMV132 TATACATATGGCTACCCGCTTGACCAAGccGCA
SBMV150 AGAATACTCTTgCAAATgCGgCTCGGCGGAAGC
SBMV151 CCGCCGAGcCGcATTTGcAAGAGTATTCTGAAT
a Mutant bases are shown in lowercase. NdeI restriction sites are u
in italics.roducts were eluted from an agarose gel and combined in
n overlap extension reaction in the presence of oligonu-
c
cleotides SBMV104 and SBMV105. Similarly, overlapping
CR products for pA2, pA3, pA4, pA5, pA6, pP3, and pP4
ere generated using the oligonucleotide pairs SBMV88/
04 and SBMV89/105, SBMV94/104 and SBMV95/105,
BMV100/104 and SBMV101/105, SBMV104/114 and
BMV105/123, SBMV104/120 and SBMV105/119, SBMV104/
09 and SBMV105/108, and SBMV104/151 and SBMV105/
50, respectively (Table 1). For each construct, the two PCR
roducts were combined to generate an overlapping PCR
roduct using oligonucleotides SBMV104 and SBMV105 as
rimers. p3A, p3A/A5, and p3A/A6 were constructed by
CR amplification using pWTR, pA5, and pA6, respectively,
s templates and the oligonucleotides SBMV128 and
BMV105 as primers (Table 1). pP1 and pP2 were gener-
ted by PCR using the oligonucleotide pairs SBMV130/105
nd SBMV132/105 as primers (Table 1), respectively, and
WTR as a template. For all constructs, the PCR product
as eluted from an agarose gel, digested with NdeI, and
nucleotides
Description
Complementary to SCPMV nt 1683–1700
CCGC Same sense as SCPMV nt 1390–1408 (bold)
Same sense as SCPMV nt 3255–3281
Complementary to SCPMV nt 3432–3455
Same sense as SCPMV nt 3314–3334
Complementary to SCPMV nt 3307–3321 and
SCPMV nt 3364–3376 (bold)
Complementary to SCPMV nt 3351–3363 and
SCPMV nt 3391–3405 (bold)
Complementary to SCPMV nt 3378–3390 and
SCPMV nt 3433–3445 (bold)
Same sense as SCPMV nt 3333–3360
Complementary to SCPMV nt 3322–3351
Same sense as SCPMV nt 3340–3365
Complementary to SCPMV nt 3331–3357
Same sense as SCPMV nt 3351–3378
Complementary to SCPMV nt 3340–3368
Same sense as SCPMV nt 3271–3282 (bold)
Complementary to SCPMV nt 3435–3445 (bold)
CCC Same sense as SCPMV nt 3337–3378
ATTTGG Complementary to SCPMV nt 3325–3369
Same sense as SCPMV nt 3342–3367
Complementary to SCPMV nt 3338–3362
Complementary to SCPMV nt 3326–3358
Same sense as SCPMV nt 3337–3360
Complementary to SCPMV nt 3326–3355
Same sense as SCPMV nt 3337–3369
CACAAGC Same sense as SCPMV nt 3271–3308 (bold)
Same sense as SCPMV nt 3271–3295 (bold)
CACAAGC Same sense as SCPMV nt 3271–3308 (bold)
Same sense as SCPMV nt 3314–3350
Complementary to SCPMV nt 3307–3342
ed. The sequence of the bacteriophage T7 RNA polymerase is shownABLE 1
f Oligo
CCAA
AGGTG
GCGG
ATTAG
ATTAG
GACG
AGC
nderlinloned into the NdeI site of pET30b. All mutations were
onfirmed by DNA sequencing.
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325RNA BINDING SITE OF THE R DOMAIN OF THE SCPMV COAT PROTEINExpression and purification of recombinant proteins
Expression of recombinant R domain proteins in E. coli
was carried out by established protocols (Studier and
Moffatt, 1986). Briefly, plasmid DNA was transformed into
E coli strain BL21 (DE3), and recombinant protein expres-
ion was induced by addition of isopropyl-b-D-thiogalac-
opyranoside (IPTG) to a final concentration of 1 mM.
fter incubation for 3 h, the cells were collected by
entrifugation, lysed in Tris-buffered saline (TBS) at pH
.5 (25 mM Tris base, 3 mM KCl, and 140 mM NaCl), 1
M dithiothreitol (DTT), 1% Triton X-100, and 1 mM phe-
ylmethylsulfonylfluoride (PMSF), and sonicated (Zhao et
l., 1995). Following centrifugation, the recombinant pro-
ein was purified from the soluble fraction by affinity
hromatography using a nickel-chelating column (Nova-
en). Briefly, the soluble fraction of the E. coli extract was
oaded onto the column and washed with 13 binding
uffer (5 mM imidazole, 0.5 M NaCl, and 20 mM Tris–HCl,
H 7.9) and then with 13 wash buffer (60 mM imidazole,
.5 M NaCl, and 20 mM Tris–HCl, pH 7.9). Bound protein
as eluted from the column using 13 elution buffer (1 M
midazole, 0.5 M NaCl, and 20 mM Tris–HCl, pH 7.9).
ecombinant proteins prepared in this way were first
nalyzed by SDS–PAGE and then used for Northwestern
inding. For analysis by EMSA, the purified recombinant
roteins were first dialyzed against 10 mM Tris–HCl (pH
.0), 25 mM NaCl, and 0.1 mM PMSF and concentrated
sing an ultrafiltration membrane with a 10,000 MW cut-
ff size. The His-tag domain protein was recovered by
he same procedure from E. coli BL21 (DE3) cells trans-
ormed with pET30b. Following purification, the protein
as concentrated using an ultrafiltration membrane with
3000 MW cutoff size. Protein concentration was deter-
ined by the Bradford assay.
n vitro transcription
The region of the SCPMV genome (nts 1390–1700) that
ncludes the CPBS was amplified from pSBMV2 by PCR
sing the oligonucleotide primers SBMV8 and SBMV28
Table 1). SBMV8 includes the sequence for the bacte-
iophage T7 RNA polymerase promoter at its 59 end. The
CR product was cloned into the SmaI site of pUC129 to
roduce pCPBS, and the plasmid was linearized by di-
estion with SalI (SCPMV nt 1473). In vitro transcription
esulted in an RNA of 83 nts. Transcript RNA correspond-
ng to SCPMV nts 1–101 was synthesized from pSBMV2
NA linearized with TaqI. Nonviral transcript RNA of 52
ts was synthesized from pBluescript II (KS1) DNA
Stratagene) linearized with SmaI. The transcription re-
ctions contained 40 mM Tris–HCl (pH 7.9), 6 mM MgCl2,
2 mM spermidine, 10 mM DTT, 0.5 mM ATP, 0.5 mM GTP,
320.5 mM CTP, 50 mCi [a P]UTP (ICN; specific activity .
3000 Ci/mmol), 1 mg linearized plasmid DNA, 50 unitbacteriophage T7 RNA polymerase (New England Bio-
labs), and 20 unit RNasin (Promega). The reactions were
incubated at 37°C for 1 h. Transcript RNA was denatured
at 95°C for 2 min in the presence of 40% formamide,
electrophoresed in a denaturing 12.5% polyacrylamide
gel, and eluted from the gel by soaking overnight at 4°C
in 500 ml of elution buffer (50 mM ammonium acetate, pH
5.7, and 5 mM EDTA) containing 50 mg of E. coli tRNA.
he RNA was precipitated with ethanol, resuspended in
ater, and quantitated by Cherenkov counting.
orthwestern blot
Purified recombinant proteins (450 pmol) were elec-
rophoresed in a denaturing 15% polyacrylamide gel and
ransferred to nitrocellulose by electroblotting. The mem-
rane was preincubated with shaking for 30 min at room
emperature in buffer containing 10 mM Tris–HCl (pH
.0), 120 mM NaCl, 1 mM EDTA, 13 Denhardt’s solution,
nd 50 mg of E. coli tRNA (Weiss et al., 1989). 32P-labeled
transcript RNA synthesized from pCPBS (106 cpm) was
hen added to the buffer, and the incubation was contin-
ed for 1 h at room temperature. The membrane was
ashed three times at room temperature in the same
uffer containing 200 mM NaCl, and bound RNA was
etected by autoradiography.
lectrophoretic mobility shift assay
The conditions for the EMSA were adapted from Sku-
eski and Morris (1995). 32P-labeled RNA was incubated
t 65°C for 10 min in 0.2 M Tris–HCl (pH 8.0), 2 mM
gCl2, and 160 mM KCl and then allowed to cool to room
emperature for 15 min. Transcript RNA (104 cpm) was
incubated with varying amounts of purified proteins in a
20 ml reaction mix containing 0.1 M Tris–HCl (pH 8.0), 1
M MgCl2, 80 mM KCl, 100 mM NaCl, 10 mM DTT, 10
unit RNasin, and 5 mg of E. coli tRNA. After a 15-min
ncubation at room temperature, 2 ml of loading dye was
dded, and the reactions were electrophoresed on a
.5% nondenaturing polyacrylamide gel (40:1 acrylamide:
is-acrylamide) in 0.53 TBE buffer (45 mM Tris–borate, 1
M EDTA) at room temperature for 2 h at 20 mA. The
els were dried and analyzed by electronic, filmless
utoradiography (InstantImager, Packard Instruments).
eptide synthesis
The peptide acetyl-ATRLTKKQLAQAIQNTLPNPPRRKRR-
KRR-CONH2 was prepared at the Keck Biotechnology
Resource Laboratory at the Yale University School of Med-
icine.
Circular dichroismCD spectra were measured using an Aviv Model 202
spectropolarimeter at 4°C with a 1-mm cell. Peptide (5
t
w
o
N
A
C
P
S
S
S
v
326 LEE AND HACKERmM) was prepared in 20 mM potassium phosphate, pH
7.4, in the absence or presence of 50% (TFE). CD spectra
were collected from 260 to 190 nm and reported in terms
of ellipticity units per mol peptide residue [u]. The spec-
rum of a reference sample with identical conditions but
ithout CP peptide1–30 was subtracted from the CD spec-
tra of solutions containing CP peptide1–30.
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